INTRODUCTION
Biological soil amendments (BSAs), including manure, compost, and compost teas (CTs), play an important role in conventional and organic agriculture. The use of these amendments can provide nutrients to soils, improving soil fertility and crop production. However, recent outbreaks of bacterial, viral, and parasitic infections associated with produce commodities over the past decade have focused more attention on agricultural inputs used to grow fresh fruits and vegetables. In response to these outbreaks, proposed rules from the U.S. Food and Drug Administration (FDA) have been issued, titled "Standards for the Growing, Harvesting, Packing and Holding of Produce for Human Consumption" Supplemental to the Proposed Rule (1) . As part of these standards, the FDA has proposed specific rules and guidelines for how several BSAs can be applied to soils and fields intended to grow produce for human consumption.
There are many benefits to adding BSAs to soils, including improving the essential nutrient content of the soils over time, replenishing soil organic material, increasing bulk soil density, and enhancing soil water retention properties and soil structure (2, 3) . The use of manure has been shown to improve the nutrient status of eroded soils, leading to higher yields of grain crops (2) . Repeated compost application to soils has been shown to increase microbial biomass carbon and microbiological diversity in soils (4) . While there are benefits to applying BSAs to soil, manure has been shown to be a reservoir for enteric pathogens, and there are numerous mechanisms for manure to transfer pathogens to growing fruits and vegetables to cause microbial contamination of these commodities. An outbreak of Escherichia coli O157:H7 infections in 2006 in the United States sickened over 70 people and was associated with lettuce thought to have been exposed to manure runoff containing the pathogen from an adjacent cattle ranch (5) . In 2005, an outbreak of 135 E. coli O157:H7 infections was associated with the consumption of contaminated lettuce irrigated with manure-contaminated water right before harvest (6) .
Manure is known to contain numerous pathogens, including E. coli O157:H7, Salmonella spp., Listeria spp., Campylobacter spp., and Cryptosporidium parvum (7) . Therefore, the risk of potential microbial contamination to fruit and vegetable crops resulting from manure application to fields must be balanced with the benefits of applying BSAs to soils. BSAs which are applied to crops and commodities that are consumed raw and can come into contact with soil (through direct contact or soilsplash events) or that are minimally processed in a manner which does not eliminate 100% of pathogens should be of particular concern. The focus of this review is not fecal matter or scat that may be introduced to agricultural fields by feral animals in the agricultural production environment. Our work evaluates the risks solely from a food and produce safety perspective, but to be clear, other environmental perspectives (like those limiting manure runoff to watersheds from agricultural fields) also govern how BSAs are applied to agricultural fields to grow fruit and vegetable crops.
Over the past decade (2005 to 2015), several highprofile outbreaks related to leafy greens (5, 8) , peppers (9) , cantaloupes (10, 11) , and cucumbers (12) have influenced the use of BSA in the cultivation and harvest of fruits and vegetables intended for human consumption. The burden of food-borne illness in the United States is increasingly associated with contaminated produce commodities (13) . Table 1 summarizes guidelines (14) , federal standards for organic production of fruits and vegetables (15) , and current state laws (16) and proposed federal laws (1) . While many of these requirements overlap, providing a limited amount of consistency in these guidelines and regulations related to food safety, they do not encompass all of the state-level rules that that are applicable to manure handling in agricultural environments, especially as they relate to several environmental and food safety issues.
PATHOGEN SURVIVAL IN MANURE-AMENDED SOILS
The persistence of bacterial and viral pathogens in raw animal manure may be based on the manure type, the method of application and/or incorporation into soils, the type of soil, how the manure is stored before application onto soils, and the microbial diversity present and nutrient ratios in the manure-amended soils (7, 17, 18) . Persistence and survival of bacterial pathogens in manure-amended soils depends highly on geographical and environmental factors. Field conditions may be different than greenhouse or growth chamber conditions, and therefore the context of these results in the literature should be examined critically. Extensive descriptions of the benefits and limitations of each set of laboratory, growth chamber, and greenhouse setting (model systems) which could be used to evaluate the persistence of pathogens in manure are increasingly covered in the literature (19) . Growth chamber or greenhouse settings which most closely model the fluctuations in water potentials of soils, soil temperature, air temperature, relative humidity, and ultraviolet light exposure of field conditions would seem to be the most likely to predict the survival of bacterial pathogens in soils containing BSAs.
Several studies have described the prevalence of bacterial and parasitic pathogens in various types of manure. A survey of British livestock manures from dairy cattle, poultry, swine, and sheep showed that at least 30% of manures contained at least one enteric pathogen (20) . Specifically, E. coli O157, Salmonella spp., and Listeria spp. were present in 12 to 21%, 8 to 18%, and 20 to 30%, respectively, of fresh cattle, pig, and sheep manures. Furthermore, manures in Great Britain (20) showed C. parvum and Giardia intestinalis in 5 to 29% and in 4 to 21%, respectively, of cattle, pig, poultry, and sheep wastes tested. Many factors can affect the survival of bacterial pathogens in animal manures. In a study examining the prevalence of enteric pathogens in British livestock wastes, seasonality affected the prevalence of E. coli O157 and Listeria spp. populations (7) . The prevalence of E. coli O157 was statistically significantly higher in May and June than in other months; similarly, Listeria spp. in animal manures increased in the warmer months (March to June) compared to its prevalence in other months; no seasonal differences in prevalence were observed for Salmonella populations (7) .
Effect of Soil Type on Survival of Pathogens in Manure-Amended Soils
Examining the survival of pathogens in manure and feces is important, but of greater interest is the survival of enteric pathogens in manure once it has been applied and incorporated into soil as a fertilizer or as an organic amendment. The majority of studies examining the persistence of E. coli, EHEC, or Salmonella spp. in raw (untreated) animal manure in soils have been based on the use of the manure as an organic fertilizer. E. coli O157:H7 B6914 containing the gfp (green fluorescent protein) gene inoculated at a population 7 log CFU/gdw (gram dry weight) in 1-liter pots held at a static temperature of 16°C survived in manure-amended soils that were managed both organically and conventionally for 78 and 84 days in loamy and sandy soils, respectively (18) . The initial rate of E. coli O157:H7 population decline was significantly greater (P < 0.05) in sandy soils than in loamy soils, but there was no statistical difference in the survival time of E. coli O157:H7 in the two different soils during the course of the experiment. Survival of E. coli O157:H7 in sandy soils was directly and positively related to the relationship with dissolved organic carbon/biomass carbon, while dissolved organic nitrogen and microbial diversity affected the survival of E. coli O157:H7 in loamy soils (18) . Populations of Salmonella enterica serovar Typhimurium declined by 1 log CFU/g in 32.1 and 32.7 days in sandy and clay soils, respectively, amended with cattle manure slurry (21) . E. coli O157:H7 populations declined by 1 log CFU/g in 29 and 37 days, in sandy and clay soils, respectively, amended with cattle slurry manure (21) . This study was performed in lysimeters (0.295 in internal diameter, 1.0 m length) which were kept outdoors and exposed to an average temperature ranging between 15 and 25°C over the first 60 days of the experiment. Swine manure containing fecal coliform bacteria and inoculated with S. enterica serovar Anatum was applied to a field at either the recommended agronomic rate based on phosphorus levels (37,000 liter/ha), one-half that rate (18,000 liter/ha), or twice that rate (74,000 liter/ha), and was then disked into soil (a mixture of fine loamy soils). Populations of S. Anatum and fecal coliforms declined by >4 log most probable number (MPN) very quickly (within 7 days) in the sandy loam soil, perhaps in part due to the prevailing dry conditions during the execution of this field study and the low soil temperature (22) . No statistical correlation was observed between the persistence of S. Anatum and the rate of application of swine manure to soils, perhaps due to the short survival times of the S. Anatum under these field conditions.
Other field experiments have shown a shorter survival time of E. coli O157:H7 in manure-amended soils. Replicate experiments were conducted to assess the survival of an attenuated (stx-negative) strain of E. coli O157:H7 (ATCC 700728) in western Canada (Summerland, British Columbia at a site containing sandy chernozemic soil with a semiarid temperate climate) and eastern Canada (Kentville, Nova Scotia, at a site containing loamy podzolic soil with a maritime climate) with plots that received liquid dairy manure at the rate of 60 kg nitrogen/acre and planted with romaine lettuce (22) . No significant difference in the decay rates of the populations of E. coli O157:H7 was observed between the two sites or in tilled or nontilled soils within each site. E. coli O157:H7 populations decreased by 2 log CFU/g in the first 7 days after inoculation (22) , even though air temperature and rainfall differed at the two sites. The results from this study showed that the extrinsic factors of climate, soil type, and soil treatment did not affect population declines of the attenuated E. coli O157:H7 strain (22) . The environmental fitness (ability to withstand physiological stresses the organism may encounter in manure-amended soils) of the nalidixic acid-resistant ATCC 700728 strain used in this study cannot be discounted to have influenced the rapid decline of populations, indicating that the response of this specific strain to environmental stresses may not be as robust as other strains of E. coli.
Other workers evaluating the survival of E. coli isolates in soils using a rifampicin-resistant ATCC 700728 strain in a multistrain inoculum (including E. coli O157:H7 strain ATCC 43888) showed that the E. coli O157:H7 inoculum survived for shorter periods (7 days) than a multistrain inoculum of nonpathogenic E. coli strains that survived for up to 21 days (23). The nonpathogenic E. coli isolates TVS 353, 354, and 355 were recovered from irrigation water, on lettuce, or from soil, respectively, and may be more adapted to these nonhost environmental conditions if they survived there for extended periods of time. This potential adaptation allowed a population of these cells to develop increased environmental fitness and may have led to their relatively extended survival duration in soils compared to the attenuated E. coli O157:H7 inoculum. Other studies using this same inoculum of TVS 353, 354, and 355 and ATCC 700728 and 43888 have shown results similar to Gutírrez-Rodríguez et al. (24) : nonpathogenic E. coli populations surviving for longer durations and declining less rapidly in manure-amended soils compared to the E. coli O157:H7 populations (24, 25) . These results may indicate that survival of nonpathogenic E. coli, compared to the survival of attenuated E. coli O157:H7, in manure-amended soils may be a better indication of the risk of contamination that BSAs present to growing fruit and vegetable crops. E. coli isolated from soil leachates in Ireland in lysimeters have shown the ability to grow to higher populations at 10°C, 15°C, and 37°C compared to laboratory strains of E. coli K-12 and E. coli ATCC 25922 (26) . Higher growth at lower temperatures may indicate adaptation to specific conditions in soil.
Survival of E. coli in Manure-Amended Soils in Greenhouse Trials
Whyte et al. (25) showed that E. coli populations (both nonpathogenic and attenuated E. coli O157:H7) in silt loam soils amended with different animal manures-horse manure (HM), poultry litter (PL), or unamended-responded differently after irrigation events in a greenhouse environment. Amended and unamended soils contained in larger containers (89L) were irrigated during weeks 1, 2, 4, and 8, and E. coli populations were determined immediately before and then 24 h after the irrigation event. Table 2 illustrates the effect of manure Week Unamended
Horse manure
Poultry litter
Overall week
a Within rows (Week and Overall manure type), if letters (a.b) following mean values (changes in populations) are different, it indicates a significant difference (P < 0.05) between manure types within each week or for the overall study.
b Within the column Overall week, if letters (x.y) following mean values (changes in populations) are different, it indicates a significant difference (P < 0.05) in average changes in populations between weeks of the study. type on change in E. coli populations (preirrigation populations subtracted from postirrigation populations) in manure-amended soils. Overall, E. coli population increases in PL-amended soils were significantly (P < 0.05) higher (0.88 log CFU/gdw) than increases in unamended soils (0.09 log CFU/gdw) or HM-amended soils (-0.15 log CFU/gdw). The changes in E. coli populations (without regard to manure type) were significantly greater in week 1 (0.24 log CFU/gdw) than in week 8 (-0.25 log CFU/gdw).
A possible explanation for these differences is that irrigation of PL-amended soils in week 1 may alleviate the physiological (desiccation) stress placed on E. coli populations in soils, and E. coli populations are still able to take advantage of the moisture and potential nutrients (like total nitrogen) available in PL-amended soils. Poultry litter and horse manure added to soils were determined to have 3800 and 2600 mg/kg of total nitrogen, respectively, while unamended soils contained 1260 mg/kg total nitrogen. Unamended soils may not have the same nutrient levels to support resuscitation. However, E. coli populations in week 8 have been exposed to greater desiccation stress, along with other extrinsic physiological stresses, over time in the manureamended soils and may not be capable of using the dwindling moisture regime to increase their populations as much as in week 1. Moisture is an additional necessity for the survival and, especially, for the regrowth of pathogens. The effects of stresses such as excess moisture or drought, temperature, and nutrient availability in amended soils need to be examined closely to understand the physiological stress placed on enteric bacterial populations in manure-amended soils; however, these studies do seem to identify the critical extrinsic and abiotic factors which affect pathogenic bacterial survival in manure-amended soils.
Role of Stress Response Genes in E. coli in Survival in Manure-Amended Soils
The role of stress response genes in the survival of enteric pathogens in manure or manure-amended soils has not received much attention. The rpoS gene in E. coli controls a general stress response by producing a sigma factor (σ 38 ) which allows the RNA polymerase to transcribe some of the genes involved in this stress response. E. coli O157:H7 isolates from a longitudinal examination of cattle manure-amended sandy soil showed that those isolates that survived for the longest duration (>200 days) had fully functional rpoS genes, while those isolates that survived for shorter durations (<200 days) had mutations within the rpoS gene, making them dys-functional (27, 28) . Mutations within the rpoS gene of EHEC strains can affect the phenotypic stress response displayed by these isolates (29) . Other studies have shown that the rpoS in a single strain of E. coli O157:H7 was expressed at a level about 2.7-fold higher in sterilized Fox (deep, well-drained soils) silt loam soil microcosms from eastern Pennsylvania contained in pots compared to in Luria Bertani broth when held at 15°C (30) . E. coli cells under desiccation stress in sand have shown increased synthesis of the disaccharide trehalose, which can be used as an osmoprotectant in the cell by maintaining the phospholipid bilayer, acting as a water replacement, and keeping proteins in a hydrated form (31) . E. coli isolates recovered from Hawaiian soils showed higher internal concentrations of trehalose and a slower decline of populations in sand microcosms compared to laboratory-cultured strains, showing that E. coli strains exhibiting increased trehalose synthesis may survive for extended periods in soils or manureamended soils (31) . Trehalose synthesis is controlled by the otsA/otsB genes in E. coli, whereby both genes are regulated within the rpoS-dependent response (32) . These results show that the rpoS-mediated stress response most likely enhances the survival of the E. coli isolates in manure-amended soils, and the specific roles of rpoS-transcribed genes in desiccation stress tolerance aiding the survival of E. coli and Salmonella spp. in manure and manure-amended soils should be more closely examined.
Effect of Application Method and Geographic Location on Survival of E. coli in Manure-Amended Soils
The method of manure application and incorporation into soil adds to both intrinsic edaphic factors and extrinsic environmental factors influencing the E. coli populations in amended soils. Graham et al. (33) showed that population dynamics of inoculated, nonpathogenic E. coli (23) in unamended or poultry litter-or horse manure-amended silt loam soils in southeastern Pennsylvania were different if manure was surfaceapplied or tilled into soils. E. coli populations (5.4 log CFU/m 2 ) were spray applied to unamended soils or soil with PL or HM. For E. coli populations (Fig. 1 ) in plots containing surface-applied manure, an increase in air temperature without a corresponding increase in soil moisture allowed an increase in E. coli populations by 4 to 6 log CFU/gdw from days 1 to 5. However, E. coli populations in plots containing tilled-in manure increased with the increase in air temperature, but the increase in population was more pronounced when accompanied by an increase in soil moisture (Fig. 2 ).
Pathogen Survival in Biosolids-Amended Soils
Biosolids are nutrient-rich organic materials resulting from the treatment of domestic waste at wastewater treatment facilities. Studies have shown that increasing the agronomic rate of application of biosolids used on a field may not affect the persistence of the pathogen in manure-amended soils (33) .
The decay of E. coli and Salmonella populations in both loamy and sandy soils amended with dewatered biosolids at two geographic locations in Australia was significantly influenced by soil moisture, temperature, and the application of biosolids (34) . T 90 values (time to achieve a 1-log reduction) for E. coli and Salmonella populations were shorter in biosolids-amended soils (4 to 56 days) than in unamended soils (8 to 83 days), indicating that biosolids application to soils shortened the survival times of bacterial pathogens. In this study the rate of biosolids application was 6 tons/ha and 28 tons/ha at the two sites, respectively. Conversely, studies conducted in the United Kingdom showed that the application of dewatered, anaerobically digested The first dashed line indicates that an increase in air temperature (graph C) from days 0 to 5 corresponded to an increase in all E. coli populations in graph A; the second dashed line indicates that an increase in soil moisture content (graph B) from day 7 to day 14 corresponded to an increase in all E. coli populations; the third dashed line indicates that a decline in soil moisture content of PL Hi(s) from day 14 to day 28 resulted in a decline of E. coli populations in gEc PL. These graphs show that air temperature and soil moisture content can affect E. coli populations in soils amended with surface-applied manures more than E. coli populations in tilled in soils (Fig. 2 ).
biosolids at a rate of 10 tons/ha to sandy soils accounted for 50 to 60% of the variance in E. coli population levels, while time, soil moisture, and soil temperature accounted for 14, 5.5, and 5.4% of the variance, respectively (35) .
The effect of biosolids hastening the decline of bacterial pathogens in amended soils (34, 35) , is not in agreement with the findings from previous studies that show manure increasing the duration of bacterial survival in amended soils. The results of both studies underscore the fact that soil moisture content contributes greatly to the decline of bacterial populations regardless of the presence of biosolids. Fecal coliforms and Salmonella spp. were able to grow from 6.3 x 10 4 and 0.09 MPN/g to 1.1 x 10 5 MPN/g and 0.7 MPN/g, respectively, in biosolids applied to soils after a rainfall event which increased the soil moisture content from 1 to 22% (36) . These results show that soils amended with biosolids support the resuscitation of enteric bacterial populations after initial amendment of the soils, similar to soils amended with poultry litter (24) , perhaps by improving the overall moisture-holding capacity of soils. Further, manure type and moisture content both seem to influence the resuscitation of E. coli, fecal coliforms, and Salmonella cells in amended soils. These disparate findings with regard to the effect of biosolids with an increase in all soil moisture contents (graph B) from day 3 to day 5. On day 7 (no dashed line), the decline in E. coli populations between days 5 and 7 was associated with a fall in the soil moisture content of all soils. The second dashed line indicates an increase in gEC HM and gEC uA populations from day 14 to day 28, which corresponds to an increase in HM Hi(c), and uA Hi(c) soil moisture contents (no increase in gEC PL was observed). The figure illustrates that E. coli populations in tilled soils amended with manure may be less responsive to changes in air temperature and more responsive to changes in soil moisture content than E. coli in surface manure-amended soils (Fig. 1 ).
on the persistence of pathogens in soils support the conclusion that the specific composition of the soil amendment (type of manure or biosolid), soil type, and climate conditions specific to each geographic location affects the survival of enteric pathogens in amended soils differently.
E. coli and Salmonella Survival in Manure Dust
While contact with manure-amended soils could potentially cause contamination to fruits and vegetables, several reports suggest that manure dust transported by wind may contaminate leafy greens and other fruit or vegetable commodities. Dust containing soil and manure particles containing pathogenic E. coli generated from the movement of cattle herds may become airborne and subsequently contaminate growing vegetable crops. A multiseason study showed that spinach, mustard, and turnip greens planted adjacent to a cattle feedlot were contaminated with both nonpathogenic and E. coli O157:H7 originating from the feedlot (37) . E. coli O157:H7 was present on 1.8% of leafy green samples planted 180 m (590 ft) away from the feedlot, which was a significantly lower prevalence than the 3.5% of leafy green samples which tested positive when grown only 60 m (197 ft) away, but not significantly different from the 2.2% of samples which tested positive at the 120 m (400 ft) distance (37) .
The current California Leafy Greens Handler Marketing Agreement standards (14) state that a 400-ft distance be maintained between a concentrated animal feeding operation and a field of leafy greens to reduce the likelihood of contamination. However, this distance may be inadequate to prevent contamination of leafy greens with manure dust (37) . Other work has shown that Salmonella spp. survival in turkey manure dust was inversely related to the moisture content and the size of the manure particles (38) . In manure dust with a particle size of 125 μm, a multistrain inoculum of Salmonella spp. survived for 291 days at a moisture content of 5%, while at moisture contents of 10% and 15%, Salmonella populations survived for 88 and 68 days, respectively. This same work showed that the duration of Salmonella spp. survival in manure dust at 5% was inversely related to particle size. Salmonella spp. in manure dust on the leaves of growing spinach plants declined much less rapidly (1 to 2 log CFU) over a period of 14 days compared to Salmonella populations applied as a water spray (3.5 to 4.5 log CFU) to the leaves of spinach plants (38) . This was observed regardless of the amount of ultraviolet light to which the plants were exposed (38) . The results of these studies indicate that manure dust can not only transport pathogens for distances greater than 400 ft, but can also support the prolonged survival of bacterial pathogens and facilitate enhanced persistence on leafy green vegetable surfaces.
Prevalence of Antibiotic-Resistance Genes in Manure-Amended Soils
Bacteria in dairy manure have been known to be a reservoir of antibiotic-resistance genes associated with several enteric pathogens, and one survey found dairy manure to contain 80 distinct antibiotic-resistance genes (39) . In a different study, soils which received manure as an organic fertilizer (dairy manure applied at a rate of 6,900 gal/acre, and swine manure at 3,600 gal/acre) in Ontario, Canada, contained more antibiotic-resistant bacteria than soils which did not receive manure (40) . Furthermore, Marti et al. (40) reported that a greater number of antibiotic-resistant coliform bacteria were recovered from manured soils than from nonmanured soils. The presence of antibiotic-resistant bacteria on vegetables grown in manured soils was not considerably different from those grown in nonmanured soils; however, there were unique antibiotic resistance markers (macrolide-lincosamide-streptogramin type A resistance genes [erm] and incompatibility [Inc] groups) recovered from vegetables grown in manured soils which were not present in nonmanured soils. These studies suggest that manure-amended soils may increase the diversity of antibiotic-resistant coliforms in soils.
Another study has reported that the soils amended with dairy cattle manure from animals which did not receive any antibiotics may encourage the growth of bacteria expressing beta-lactamase genes originally present in the soil before the addition of the manure (41) . At the outset of the study, soils amended with inorganic fertilizers contained higher populations of betalactamase-containing bacteria than those amended with dairy cattle manure that received no antibiotic treatments. However, from 4 days to 130 days after the application of the manure, applied at a rate of 20 kg manure/bed (unknown size), the relative abundance of specific alleles of the beta-lactamase gene (blaCEP-04) in manure-amended soils was higher than the abundance of blaCEP-04 in the soils receiving inorganic fertilizers (41) . The application of manure was determined to encourage the growth of Pseudomonas spp., Psychrobacter pulmonis, and Janthinobacterium spp., all of which are known to contain beta-lactamases (41) . The use of manure may alter the overall population of the soil microbiome by increasing the proportion of antibioticresistant bacteria in agricultural fields. 
Detection of Non-O157 EHEC E. coli in Manure
Numerous studies have reported the persistence of E. coli O157:H7 in manure-amended soils used for growing vegetables for human consumption. However, future studies which focus on only the detection or prevalence of E. coli O157:H7 may underestimate the true burden of EHEC and/or Shiga-toxigenic E. coli (STEC) in manure-amended soils. Other non-O157 EHEC serotypes (O26, O45, O103, O111, O121, O145) have been identified as causing the majority of non-O157 EHEC outbreaks, but their prevalence remains virtually unexamined in agricultural environments including manureamended soils (42) .
Investigators examining the prevalence of the non-O157 STEC serogroups in manure, using a combination of culture and direct multiplex PCR methods, recovered isolates of serogroups O26, O103, and O111 most frequently; however, most of these recovered isolates were shown to be stx-negative (42) . In this study a survey of 960 fecal samples from beef cattle feedlots (containing cattle from 48 background operations) revealed that the percentage of STEC serotypes O26, O45, O103, O111, O121, O145, and O157 were 23.4%, 10.8%, 11.8%, 0.01%, 16.4%, 0.03%, and 48.2%, respectively. The percentage of isolates which tested positive for stx1, stx2, and eae were 44.4%, 63.5%, and 77.4%, respectively (42) . Other studies have shown that cattle vaccines targeting E. coli O157:H7 did reduce fecal shedding of STEC O157 but that the vaccination was not effective in reducing shedding of non-O157 STEC (43) . Non-O157 STEC in animal manure may have received less attention than E. coli O157:H7 because of the difficulty of detection of the non-O157 phenotypes, which are all similar to each other. New multiplex real-time PCR methods targeting the attaching and effacing gene conserved fragment (ecf1) have improved the rapid detection of non-O157 STEC in manure and also accounted for potential loss of the stx genes upon enrichment of these samples (44) .
COMPOST
Compost is organic material that has been degraded into a nutrient-stabilized humus-like substance through intense microbial activity (45) . The microbial activity generating heat and high temperatures also can kill bacterial pathogens in biosolids, animal manure, and food waste, all of which can be used as feedstocks for compost (46) . The application of compost to soils has been shown to improve plant nutrient availability, physical and chemical properties of soils (47) , and soil microbial diversity (48, 49) and decrease the risk of transferring human pathogens to food crops (46) . During the composting process, the microorganisms metabolize most of the free and fast-release simple organic compounds, by either volatilizing or incorporating the nutrients. The incorporation of nutrients into biomass, both living and dead, yields more complex matrices that stabilize the nutrients into slow-release forms. Many organic materials can be used as feedstocks including manure, plants (i.e., crop residues, yard trimmings, etc.), food waste, and various industrial products and byproducts (i.e., paper, wood chips, etc.) (50) . During composting, microbial activity from degrading the feedstocks can generate sufficiently high (thermophilic) temperatures (≥55°C) to kill enteric bacterial pathogens originally present in the feedstocks, assuming that proper carbon:nitrogen (C:N) ratios (recommended to be between 20:1 to 40:1), moisture (40 to 65%), and aeration levels (O 2 concentrations greater than 5%) are maintained (51) . To ensure sufficient pathogen inactivation through achieving thermophilic temperatures within a compost pile, the U.S. Environmental Protection Agency (EPA) and United States Department of Agriculture (USDA) National Organic Program (NOP) recommend maintaining the pile at >55°C for at least 3 consecutive days for static and aerated piles, or at >55°C for 15 days for windrow composting. The most common composting mechanisms are static piles, windrows, and in-vessel containers (46, 50) .
Survival and Resuscitation of Pathogens in Compost
Human pathogens can survive during the composting process for a variety of reasons. Detection of human pathogens in finished or "point of sale" compost is relatively rare. In an evaluation of 15 composting facilities from across the United States over several months, Ingram (52) found that only 6 out of 105 (6%) compost samples contained Salmonella spp., but 69% of samples contained E. coli populations. However, of the compost samples which contained E. coli, 19% exceeded the EPA Part 503 microbiological standard (1,000 MPN/g) for fecal coliforms in biosolids. Five of the seven facilities which produced compost that contained E. coli populations that exceeded the 1,000 MPN/g fecal coliform limit were sampled in July, indicating that the increased ambient air temperature affected the frequency of detection of E. coli in these samples. In a separate evaluation of 94 nonsludge composting facilities, only 1 compost sample contained Salmonella spp. (1%), but 28% of samples exceeded the EPA Part 503 limit for fecal coliforms, and 3% of samples were contaminated with E. coli O157:H7 (53). Large composting facilities and those that employed large static piles were more likely to have human pathogen contamination than smaller facilities or those that utilized turned windrows (53). Other investigators have found that compost piles using hay, straw, and cattle manure feedstocks which were turned every 2 weeks achieved higher temperatures than those which were not turned (51) . Populations of E. coli O157:H7 were not recovered from the tops of turned piles but were recovered from the tops of static piles, along with populations of Listeria spp. (44) .
In general, survival of the pathogen is attributed to either the entire pile or pockets within the pile not reaching 55°C (54) , and areas of the pile which are not turned or are outside in cold ambient temperatures are most likely to allow the survival of enteric pathogens (55) . A higher percentage (63%) of surface samples from compost piles on commercial poultry farms in South Carolina contained E. coli compared to 10% of internal samples during phase 1 of the composting process when temperatures within the pile had not achieved their highest level (55) . Regular and complete turning of the pile ensures that all portions of the compost can be exposed to the highest temperatures within the pile and achieve temperatures sufficient to kill enteric pathogens. Covering compost piles with a 30-cm layer of finished compost has been shown to hasten reduction of E. coli O157:H7 and Salmonella spp. populations within the pile (56) . The addition of the finished compost layer also increased the temperature and extended the duration of time that the pile temperatures exceeded 55°C compared to compost piles without the finished compost layer. Volatile acids generated during aerobic composting of manure feedstock may also aid in the decline of enteric bacterial populations during composting (57) .
Resuscitation/Regrowth of Pathogens in Compost
Other nonmicrobial factors may also affect the regrowth and resuscitation of pathogens in finished composts. Twenty-nine commercial point of sale composts were inoculated with E. coli O157:H7 and Salmonella spp. and stored at 25°C for 3 days to determine if the feedstock (biosolids, animal manure, yard waste) or if a single physicochemical factor (C:N ratio, moisture content, pH, total organic carbon, percent volatile solids, electrical conductivity, and maturity) could predict the regrowth of E. coli O157:H7 or Salmonella spp. (58) . Populations of E. coli O157:H7 increased or decreased by up to 2 log CFU/g in individual finished compost samples. Similarly, Salmonella spp. populations increased by up to 1.5 log CFU/g and decreased by up to 1.5 log CFU/g in individual finished compost samples (58) . No single physicochemical factor was able to predict if a compost sample could support the regrowth of pathogens; however, moisture content, C:N ratio, and total organic carbon levels were the three physicochemical factors which contributed the most to the regrowth potential of pathogens in finished compost. Other reports support the difficulty in identifying a single physicochemical factor which can predict resuscitation of pathogens in compost (59) . Increased relative humidity (percent moisture), has been shown to prolong bacterial survival in finished composts. S. enterica serovar Arizonae and E. coli populations inoculated into finished compost were inactivated more slowly at 40% and 80% humidity than at 10% humidity when stored at room temperature over a 30-day period (60) . Pathogens in compost may utilize available soluble organic matter due to the additional moisture, increasing the potential for regrowth (61) . A moisture content level of 20% was the minimum determined to support E. coli O157:H7 survival in a compost pile (62) . In effect, moisture can become a limiting factor in the growth and survival of microorganisms in compost.
Regrowth in compost teas (CTs), unheated on-farm infusions of compost used as a spray or soil drench as either a plant growth promoter or to control for phytopathogens, has been shown to be dependent on common additives (bacterial nutrient solution, kelp, humic acid, and rock dust) added to the CT (63). Populations of E. coli O157:H7, S. enterica serovar Enteritidis, and fecal coliforms increased by 1 to 4 log CFU/ml in aerated CT with additives, while no increase in populations was observed in CT without additives (64) . Similarly, the addition of molasses and kelp increased populations of E. coli in CT formulations regardless of if the CT was aerated or not (65) .
Microbial Competition Inhibiting Pathogen Growth in Compost
Competition from indigenous microorganisms in compost and amended soils has been shown to inhibit regrowth of human pathogens (59, 65, 66) . Populations of Enterococcus faecalis, S. enterica serovar Infantis, and Listeria monocytogenes decreased by about 6 log CFU/g when inoculated into compost removed at week 8 (cooling stage) of a 14-week composting cycle and held at room temperature for 90 days (59) . However, 70% of compost samples removed from between week 0 and week 6 of the 14-week composting cycle were positive for one of the three aforementioned pathogens. Compost at the week 8 stage also showed greater microbial diversity than composts aged 0 to 6 weeks, indicating that the diversity of mesophilic organisms present in the cooling stage may have inhibited pathogen growth and survival (59) . Other studies have shown that S. Typhimurium growth was significantly greater in composted biosolids which had been sterilized than in nonsterilized composted biosolids, indicating that indigenous microorganisms play a role in inhibiting S. Typhimurium growth (65) . Populations of actinomycetes increased by 1 log CFU/g during the composting process between 2 and 13 weeks, perhaps demonstrating that they may play a more prominent role in suppressing Salmonella populations than other groups of microorganisms (65) . The long-term storage of compost material is likely to increase the opportunity of Salmonella regrowth, presumably due to a decline in Salmonella-suppressive microorganisms in the compost. In a separate study, coliform bacteria and Gram-positive organisms isolated from compost at a stage between 25°C and 40°C were able to suppress S. Typhimurium, and S. Typhimurium was found to be suppressed to a higher degree in compost at 55°C than compost at 70°C, where no reduction in S. Typhimurium populations was observed, perhaps due to the decrease in populations of Salmonella-suppressive bacteria present at higher temperatures (66) .
Bacterial pathogens inoculated into compost at high populations (10 7 CFU/g) survived long durations in compost-amended soils (applied at a rate of 4.5 metric tons/ha) and were transferred to carrots and onions grown in these soils (67, 68) . S. Typhimurium survived for longer durations in composted PL (231 days) than in alkaline-pH stabilized composted dairy manure (203 days) (67) . E. coli O157:H7 populations (10 7 CFU/g) inoculated into amended soils containing composted poultry litter, composted dairy manure, and alkaline pH-stabilized composted dairy manure at 4.5 metric tons/ha survived for 196, 196, and 154 days, respectively (68) . These results show that pathogen survival can be sustained for extended periods of time in compost-amended soils. These studies also raise the issue that pathogens may survive for different durations in compost-amended soils in field conditions than in the compost alone.
CONCLUSION
BSAs such as manure and compost can be applied to fields to encourage the promotion of soil health, microbial diversity, and fertility. Since manure and compost can provide valuable nutrients to soils and provide a sustainable approach to agriculture, their proper handling to minimize pathogen contamination is of the utmost importance. The current literature indicates that an appropriate interval between the application of manure to soil and the harvest of fruits and vegetables which may come into contact with soil is necessary to minimize the contamination of these plants with food-borne bacterial pathogens. The duration of that interval in the United States should balance seasonal requirements of growing fruits and vegetables, benefits to soil fertility, and plant nutrients with the need to provide safe and wholesome produce to consumers. For compost, the consistent achievement of a 55°C temperature threshold and sufficient curing times for composted feedstocks are essential to minimizing bacterial enteric pathogen populations. More attention should be paid to resuscitation and regrowth of pathogens in either manure-or compost-amended soils under field conditions to determine if these events can prolong the persistence of pathogens in these amended soils environments and increase the likelihood of transfer to fruits and vegetables. Geographic location, climate conditions, and soil and manure properties must be taken into account when determining the duration of the interval between amendment application and harvest of the fruit and vegetable commodity to minimize transfer of pathogens to growing fruits and vegetables. Overall, BSAs applied to soils used to grow fruits and vegetables should be handled in a manner that reduces the prevalence of foodborne pathogens.
